Magnesium-containing mesoporous silica sieve (Mg-MCM-41) provided a suitable immobilization of biomolecule matrix due to its uniform pore structure, high surface areas, fast electron-transfer rate, and good biocompatibility. Based on this, an amperometric biosensor was developed by entrapping laccase into the Mg-MCM-41/PVA composite matrix. Laccase from Trametes versicolor was assembled on a composite film of Mg-MCM-41/PVA modified Au electrode and the electrode was investigated by cyclic voltammetry, impedance spectroscopy, and chronoamperometry. The results indicated that the Mg-MCM-41/PVA/Lac modified electrode exhibited excellent catalytic activity towards catechol at room temperature in pH 4.8 acetate buffer solution. The optimum experimental conditions of biosensor for the detection of catechol were studied in detail. Under the optimal conditions, the linear range was from 0.94 to 10.23 M with the sensitivity of 16.9227 A/M, the detection limit of 0.00531 M, and the response time of less than 14 s. The Michaelis-Menten constant ( app ) was estimated by Lineweaver-Burk equation and the app value was about 1.01 M. In addition, the biosensor exhibited high reproducibility and long-time stability. This work demonstrated that Mg-MCM-41/PVA composite provides a suitable support for laccase immobilization and construction of biosensor.
Introduction
Phenols, byproducts of large-scale production and use of man-made organics, will cause ecologically undesirable effects [1] . Their determination is of great practical importance in evaluating the toxicity of an environmental sample. Several methods have been developed for this purpose, including spectrophotometry and high performance liquid chromatography [2] . These methods are expensive, timeconsuming and sometimes require preconcentration. Many biosensors have been developed in the past using the catalytic activity of the redox enzymes such as tyrosinase, peroxidase, and laccase for phenol determination [3, 4] . Laccase (Lac) does not require H 2 O 2 as cosubstrate and any cofactors for its catalysis. Hence, the constructions of the biosensor are much easier. Lac-based biosensors have been employed for the determination of a broad range of phenolic compounds [2] .
The development of enzyme-based biosensor with excellent performance requires advances in the materials and method available for enzyme immobilization. So it is necessary to develop ideal immobilization materials and efficient immobilization method. A series of organic compounds and inorganic materials have been used as enzyme immobilization matrices, such as carbon nanotube [5] , magnetic mesoporous silica nanoparticles [6] , polymer [7] , and carbon-fiber [8, 9] . According to previous papers [10] [11] [12] [13] , mesoporous silica sieve MCM-41 has been a promising immobilization matrix of enzyme due to its proper pore size, ordered uniform pore structure, proper surface characteristics, and good biocompatibility. However, the poor conductivity and 2 Journal of Nanomaterials film-forming property of mesoporous silica might influence the performance of the biosensor in amperometric detection.
In recent years, incorporation of the transition metal ions has caught more attention, which could enhance the optical, electrical, semiconducting, and surface properties of mesoporous materials [14] [15] [16] . However, the application of MCM-41 doping heteroatoms into the enzyme biosensor was rarely reported.
Accordingly, in the present study, a facile method was firstly used to incorporate magnesium in the MCM-41 frameworks (Mg-MCM-41), and the catechol biosensor was fabricated by immobilizing laccase in Mg-MCM-41/PVA composite film. The Mg-MCM-41/PVA/Lac film modified Au electrode was expected to improve some disadvantages of amperometric laccase biosensor. Nitrogen adsorption-desorption isotherm was measured at 77 K on a NOVA2000 Autosorb Sorption Analyzer (Quantachrome Corporation, USA). The specific surface area was calculated with the BET method. The pore size and pore volume were acquired from the adsorption branch of the isotherms by the BJH method. All the electrochemical measurements were carried out with a conventional threeelectrode system using a PARSTAT 2263 electrochemical workstation (Princeton Corporation, USA). The MCM-41/PVA/Lac or Mg-MCM-41/PVA/Lac modified electrode was used as a working electrode with a saturated calomel electrode (SCE) as a reference electrode and a Pt wire as an auxiliary electrode. All experiments were carried out at room temperature.
Experimental

Preparation of Mg-MCM-41.
The magnesium containing MCM-41, denoted hereafter as Mg-MCM-41, was synthesized as follows. The molar ratio of synthesis was 1 TEOS : 0.13 CTAB : 0.02 MgSO 4 : 0.24 NaOH : 66.7 H 2 O, which was in accordance with the previous literatures [18] . 2.3689 g CTAB was added to a solution (0.48 g NaOH in 60 mL H 2 O) under stirring. When the solution became homogeneous, TEOS was added gradually in 30 min, and then MgSO 4 was added. The mixture was stirred constantly at 90 ∘ C for 48 h and then the sample was filtrated. Mg-MCM-41 was obtained after calcining at 540 ∘ C for 6 h. Pure silica MCM-41 was also synthesized following the above-described procedure, without adding MgSO 4 to the synthesis solution. Figure 1 showed the results of Nitrogen adsorption-desorption isotherm and the pore size distribution curve at 77 K of Mg-MCM-41 and MCM-41. The isotherm was found to be of type IV with significant hysteresis loops, indicating that Mg-MCM-41 was mesoporous material [19] . As observed in Figure 1 , high specific surface area of 949.3 m 2 g −1 with the average pore diameter of 2.87 nm and the specific pore volume of 0.93 cm 3 g −1 was obtained. From Table 1 , it can be concluded that Mg-MCM-41 has larger pore size and pore volume than MCM-41. As a result, Mg-MCM-41 could adsorb more biomolecules and be suitable for the enzyme immobilization [17] .
Results and Discussion
Characterization of Mg-MCM-41.
EIS was used to investigate the electrochemical properties of Mg-MCM-41 modified electrode surfaces [20] . By using 6 ] redox couple as an electrochemical probe, the Nyquist plots of bare Au electrode, Mg-MCM-41/PVA/Lac, and MCM-41/PVA/Lac modified electrode in the frequency range from 10 −2 Hz to 10 5 Hz were obtained in Figure 2 . It was observed that, for the above-mentioned electrodes, the impedance spectra followed the theoretical shapes, a squeezed semicircle observed at high frequency, which corresponded to the electron-transfer limited process, followed by a linear part at the low frequency attributable to diffusion controlled electron-transfer process. In the low frequency region, no vertical increase in impedance on the imaginary part with decreasing the ac frequency was observed, which demonstrated that the electrodes exhibited no capacitive characteristics. The respective semicircle diameters at the high frequency equalled the electron-transfer resistance (Rct) at the electrode surface. It was found that Rct of the Mg-MCM-41/PVA/Lac modified Au electrode was about 200 Ω, which was smaller than 300 Ω of MCM-41/PVA/Lac modified Au electrode and 4500 Ω of bare Au electrode. The results indicated that Mg-MCM-41/PVA could act as a superior electron-transfer interface between the EIS probe and electrode by accelerating the electron-transfer rate on the electrode surface effectively. In addition, the smaller Rct implied that the incorporation of Mg increased the electron-transfer rate on the electrodes surface effectively. Figure 4 displayed CVs of catechol on the Mg-MCM-41/PVA/Lac/Au electrode at various scan rates. It was observed that the anodic and cathodic peak currents increased linearly with the square root of scan rate, which indicated a diffusion controlled process occurring on the surface of Mg-MCM-41/PVA/Lac/Au electrode.
Optimization of Biosensor's Working Conditions.
To improve the performance of the biosensor, the effect of applied potential on the response of proposed biosensor to catechol was investigated. The effect of applied potential on the response current was shown in Figure 5(a) . With the increase of the applied potential from 0.3 V to 0.45 V, the response current increased accordingly, and when the applied potential was higher than 0.45 V, the response current began to level off. Additionally, the interference from pyrogallol in the solution in the detection of catechol was relatively low at low applied potential. Thus, a potential of 0.45 V was selected as the working potential.
The effect of solution pH on response current was studied between pH 4.0 and 6.0. As shown in Figure 5 was similar to T. hirsuta Lac modified graphite electrode [21] [22] [23] and larger than T. versicolor Lac-modified carbon ceramic electrode [24] . Therefore, in this experiment, pH value of 4.8 was chosen for the detection of catechol.
The effect of temperature on the current response of Mg-MCM-41/PVA/Lac modified Au electrodes was also studied in Figure 5 (c). The current response increased with the increasing temperature and reached the maximum response at about 35 ∘ C. Then the current began to decrease when the temperature was above 35 ∘ C. The current decreased above 35 ∘ C may be caused by the thermal inactivation of laccase. Thus, the temperature of 35 ∘ C was chosen as the optimum temperature for the laccase biosensor. Figure 6 (b), it was observed that the response current increased with the increase of catechol concentration at low catechol concentration and at high concentration the current increased slowly and tended to stable when the concentration of catechol was high enough, which indicated the characteristic of Michaelis-Menten kinetics. As observed in Figure 6 [18] .
Kinetic studies of the immobilized laccase were performed at various concentrations of catechol. The apparent Michaelis-Menten constant ( app ) was calculated from the calibration plot using Lineweaver-Burk plot (1/ versus 1/concentration). From the Lineweaver-Burk curves in Figure 6 (c), the app can be calculated to be 1.01 M for Mg-MCM-41/PVA/Lac/Au electrode and 5.03 M for MCM-41/PVA/Lac/Au, respectively. The app of 1.01 M was lower than 40.2 M of Cu-OMC/PVA/Lac/Au electrode [18] and 0.63 mM of laccase immobilized on carbon-fiber electrodes [25] . The smaller app value indicated that immobilized enzyme has higher enzymatic activity and implied that Mg-MCM-41 will enhance electrocatalysis of the substrate on the surface of electrodes.
Repeatability, Reproducibility, and Stability of the Lac
Biosensor. The reproducibility of the Mg-MCM-41/PVA/ Lac/Au electrode was evaluated by comparing the response currents of 10 enzyme electrodes prepared. The relative standard deviation (RSD) was 5.2% when 0.05 mM catechol was determined. A reproducible current response with a RSD of 4.6% was observed for 30 successive assays of 0.05 mM catechol. The long-term stability was investigated by measuring a catechol solution intermittently, and the electrode was stored at 4 ∘ C by immersing in 0.1 M acetate buffer solution when it was not in use. The results showed that the response current maintained more than 91% of its initial value after 30 days, indicating the good stability.
Conclusions
In the present study, a functionalized Mg-MCM-41 with good electrocatalytic properties has been synthesized. With the prominent advantages of large surface area, uniform mesopores, and remarkable electrocatalytic properties, an amperometric biosensor was developed by immobilizing laccase into the pores of Mg-MCM-41. The enzyme molecules assembled on Mg-MCM-41/PVA exhibited a high bioactivity and stability, and Mg-MCM-41 was demonstrated as suitable candidate to immobilize enzyme. The assembled laccase biosensor exhibited high sensitivity, low detection limit, good stability, and acceptable reproducibility for the determination of catechol. This work demonstrated that the Mg-MCM-41/PVA composite provides a support for laccase immobilization and construction of biosensors.
